Protein 4.1 is an extrinsic membrane protein that facilitates the interaction of spectrin and actin in the erythroid membrane skeleton and exists as several structurally related polypeptides in chickens. The ratio of protein 4
A network based on the proteins spectrin and actin lines the cytoplasmic surface of the mammalian erythrocyte plasma membrane and is believed to confer upon this cell membrane its properties of strength and elasticity (1, 2) . Protein 4.1 facilitates the interaction of spectrin and actin by forming a ternary complex with these components and also has been shown to interact directly with two intrinsic membrane proteins, glycophorin and the anion transporter, and membrane phospholipid (2) . Protein 4.1, therefore, plays a key role in the maintenance of the membrane skeleton. Protein 4.1 exists as a set of structurally related polypeptides in avian erythroid cells (3) . In chicken erythrocytes, seven major protein 4.1 variants of 77, 87, 100, 115, 150, 160, and 175 kDa are expressed, with the 100-and 115-kDa polypeptides found in highest abundance (3, 4) . However, in immature mitotic erythroblasts, the 77-and 87-kDa protein 4.1 variants predominate, and as the cells undergo terminal differentiation, the 100-and 115-kDa forms are found at higher levels (4, 5). Protein 4.1 and protein 4.1 analogues also have been localized in nonerythroid tissues (3, 4, (6) (7) (8) (9) (10) (11) .
To define the mechanism(s) by which multiple protein 4.1 variants are generated, we have isolated cDNA clones encoding chicken protein 4.1. Partial DNA sequence analysis demonstrates 86% homology with human protein 4.1 cDNA sequences (12) over a 270-base-pair portion of a chicken protein 4.1 cDNA. We find that the gene encoding protein 4 .1 exists as a single copy in the haploid chicken genome and gives rise to one 6.6-kilobase (kb) size-class of RNA. By S1 nuclease mapping experiments, we demonstrate that this single size-class RNA consists of multiple, distinct mRNAs, whose expression is developmentally regulated during chicken embryonic erythropoiesis. Hence, a heterogeneity of protein 4.1 mRNAs appears to underlie the diversity of protein 4.1 polypeptides. A comparison of protein 4.1 polypeptides synthesized in vitro and in vivo shows that the relative abundance of protein 4.1 variants is further regulated at the translational level.
MATERIALS AND METHODS
Isolation of Protein 4.1 cDNAs. Protein 4.1-specific cDNAs were isolated from a Xgtll expression library constructed from 14-to 15-day chicken embryo erythroid poly(A)+ RNA ("M" library of ref. 13 ). The library was screened with a protein 4.1-specific antiserum (3), and positive plaques were isolated and rescreened several times, as described (13) . Complementary DNA inserts of candidate protein 4.1 clones were isolated from EcoRI-digested recombinant phage DNA and inserted into pT7SP6 (a gift of V. Axelrod, Columbia University) (14) or ml3mpl9. DNA sequence analysis was performed by the dideoxynucleotide chain-termination procedure (15) .
RNA Preparation. Total cellular or cytoplasmic poly(A)+ RNA was prepared from chicken embryonic erythroid cells as described (13) . To enrich for protein 4.1 mRNA, cytoplasmic poly(A)+ RNA was fractionated on a formamide/sucrose gradient, as described (13) . Fractions were collected, RNA was concentrated by ethanol precipitation, and fractions containing protein 4.1 translational activity in a rabbit reticulocyte lysate (16) were pooled.
In Vitro Translation and Hybridization-Selected Translation. Poly(A)+ RNA was translated in vitro for 90 min at 30°C in a high-activity nuclease-treated rabbit reticulocyte lysate containing [35S]methionine (13, 16) . Complete translation reactions or immunoprecipitates using a protein 4.1 antiserum (3) were resolved on 12.5% polyacrylamide/NaDodSO4 gels (17) . For an in vivo protein 4.1 standard, 15-day chicken embryo erythroid cells were metabolically labeled with
[35S]methionine for 30 min at 37°C, fractionated with Triton X-100, and immunoprecipitated with the protein 4.1 antiserum, as described (3). Labeled protein bands were visualized by fluorography of gels impregnated with 2,5-diphenyloxazole (18) . Plasmid DNA was bound to nitrocellulose and subjected to positive hybridization-selected translation, as described (13, 19) . RNA selected from 10 ,ug of gradientenriched poly(A)+ RNA was translated in 15 A1l of rabbit reticulocyte lysate.
DNA and RNA Analysis. DNA was digested with restriction endonucleases, electrophoresed, blotted to nitrocellulose, and protein 4.1 sequences were detected with 32P-labeled cDNA was performed by hybridizing RNA with an endlabeled 3.1-kb Xho I-Pvu I fragment of pFPO20, as described in the legend of Fig. 5 .
RESULTS
Isolation of Chicken Protein 4.1 cDNAs. We identified cDNA clones coding for protein 4.1 from a Xgtll expression library (13) by screening with an antiserum specific for chicken protein 4.1 (3) . DNA sequence analysis of the 270 nucleotides (nt) at the 5' end of one cDNA, pFPO20, reveals 86% nucleotide homology with a human reticulocyte protein 4.1 cDNA (12), rendering 98% amino acid sequence conservation from chicken to human protein 4.1 in this region (Fig.  la) . A restriction endonuclease map of representative protein 4.1 cDNAs is shown in Fig. lb; we conclude from the above data that the cDNAs shown are specific for protein 4 cDNAs. pFPO2a and pFPO2b were isolated from the sanme Xgtll recombinant (XFPO-2). EcoRI sites in parentheses are from synthetic linkers, whereas the EcoRI site shared by pFPO2a and pFPO2b occurs naturally. The direction of transcription of pFPO2a and pFPO2b was determined by their orientation within the f-galactosidase gene of Xgtll (25) . pFPO20 was isolated subsequent to back-screening of the X cDNA library with the pFPO2a insert. 3a). When the 1.7-kb EcoRI-BamHI 5' end fragment or the 0.7-kb BamHI-EcoRI 3' end fragment of pFPO2a was used as probe (see Fig. la) , each hybridized to a subset of the genomic bands obtained with the entire cDNA insert (Fig. 3  b and c) . A similar hybridization using pFPO2b as probe identified the same BamHI, HindIII, and Xba I genomic fragments detected by the pFPO2a 3' probe ( Fig. 3 c and d,  lanes 1-3) , but since pFPO2a and pFPO2b share a common terminal EcoRI site, pFPO2b hybridized to a genoinic EcoRI fragment that was not detected by pFPO2a (Fig. 3 a-d, lanes  4) . The hybridization patterns shown in Fig. 3 a- Fig. 3 legend) . The autoradiogram of Fig. 3e shows that the 1.8-kb EcoRI band detected (arrowhead) was found at one copy per haploid genome (compare lanes 1 and 6 or lanes 2 and 5). Since pFP02a is complementary to RNA(s) encoding all the major protein 4.1 polypeptides (Fig. 2b, lanes 5 and 7) (Fig. 4b, lane I) . Several minor bands smaller than the 6.6-kb RNA were also detected amid a trail of degradation (Fig. 4b, lane I) , in a pattern similar to that found in unfractionated poly(A)+ RNA (data not shown). To determine if these minor species were protein 4.1 mRNAs or stable degradation intermediates, we separated the gradient-enriched RNA on a preparative methylmercury hydroxide agarose gel and analyzed gel-fractionated RNA by in vitro translation or by RNA blot analysis (Fig. 4) . The autoradiograms of Fig. 4 a and b show that translation of each major protein 4.1 variant cofractionates in gel slices 4-7 (Fig. 4a) , which corresponds to the major 6.6-kb protein 4.1 RNA peak (Fig. 4b) . Within this peak, the ratios of the protein 4 Although a single size of mRNA appeared to give rise to multiple protein 4.1 products, we could not rule out the existence of multiple protein 4.1 mRNAs with indistinguishable electrophoretic mobilities. We, therefore, performed Si nuclease digestions on hybrids formed between erythroid protein 4.1 RNA and an end-labeled protein 4.1 cDNA. For this purpose, a probe was prepared that consisted of a pFPO20 fragment end-labeled at the Xho I site (see Fig. la) . Fig. 5, lane 2, shows that the pFPO20 probe was protected by four distinct RNA species from erythroid cells of 15-day chicken embryos. The 1700-nt protected fragment identifies an RNA species complementary to pFPO20 from the Xho I site to the 3' terminus of the insert. Additional fragments are present at 730 nt, 580 nt, and 470 nt (barely visible in this exposure; see below) and represent RNAs that are derived from DNA containing this Xho I site, but are divergent 730, 580, and 470 nt downstream. Si nuclease analysis of RNA fractionated on the same methylmercury hydroxide agarose gel described in Fig. 4 demonstrates that the multiple protein 4.1 RNAs coelectrophorese at 6.6 kb (Fig. 4c) , precluding the possibility that the multiplicity of protected fragments arose from RNA precursors or degradation products. A greater heterogeneity of protein 4.1 mRNA may well exist, as other putative RNAs that do not contain sequences both complementary to and continuous with the Xho I site within this 1.7-kb cDNA would not be detected.
Expression of Multiple Protein 4.1 mRNAs Is Developmentally Regulated. Circulating erythroid cells of 4-day embryos are "early" mitotic erythroblasts of the primitive series, Fractionation of 15-day embryo erythroid RNA on a methylmercury hydroxide agarose gel and analysis by in vitro translation, RNA blotting, and S1 nuclease protection. Gradientenriched poly(A)+ RNA was electrophoresed in the presence of methylmercury hydroxide (27) on a preparative 0.9% low gelling temperature agarose gel. The gel was sliced in 0.5-mm-thick sections perpendicular to the axis of electrophoresis, and RNA was isolated as described (22) 1-15. (c) S1 nuclease analysis of fractionated RNA. S1 nuclease mapping was performed using a 32P-end-labeled pFPO20 cDNA probe (see Fig. 5 legend) . Protected fragments were separated on a 1.5-mm-thick 7 M urea/5% polyacrylamide gel. tRNA, 32P-labeled DNA protected after incubation with tRNA. Lane I, fragments protected by gradient-enriched poly(A)+ RNA ("input"). Lanes 2-9, fragments protected by RNA in slices 2-9. whereas circulating erythroid cells of 15-day embryos are "late" postmitotic definitive series cells (36) . The pattern of protein 4.1 variant expression in embryonic erythroid cells changes during ontogeny as well as within the primitive series and definitive series lineages (4) . To compare a "late" pattern of protein 4.1 mRNA expression (Fig. 5, lane 2) with a pattern from "early" cells, we performed S1 nuclease analysis on RNA from 4-day embryos. Using the 32P-endlabeled probe described above, we found protection of only the 470-nt and 580-nt fragments by the 4-day embryo erythroid RNA (Fig. 5, lane 3) . Blot analysis of this RNA detects a single 6.6-kb protein 4.1-specific band (data not shown). We interpret the results described above to indicate that the generation of multiple protein 4.1 mRNAs is developmentally regulated.
DISCUSSION
We have examined the mechanisms by which multiple chicken protein 4.1 polypeptides are generated, using cloned cDNA probes specific for protein 4 (34, 35) ; protein 4.la and 4.lb differ at their carboxyl termini but appear to be functionally equivalent (35) . Mammalian lens generally expresses a minor 125-to 145-kDa protein 4.1-related polypeptide in addition to the protein 4.la/b doublet (3, 6, 11) . Hence, mammalian protein 4.1 is expressed as a number of related variants, but the extent of heterogeneity is less, or perhaps more subtle, than that found in avian species.
